Introduction
The operational scenario envisaged for ITER, the EU DEMO and future fusion power plants is the high-confinement mode (H-mode), preferably at high core densities close to or even beyond the Greenwald density n Gw [1] in order to maximize fusion power. However, approaching n Gw by simple gas fuelling in present tokamaks, causes strong degradation of the energy confinement. This behaviour is attributed to an edge density limit and, can readily be overcome by deep particle deposition enforced by pellets [2, 3] . Thus, density profiles need to be established and controlled, while keeping the core density high and simultaneously preserving edge conditions. It is most probable that in a reactor core particle fuelling will Nuclear Fusion Feedback controlled, reactor relevant, high-density, high-confinement scenarios at ASDEX Upgrade rely on pellets, i.e. injection of mm-sized bodies of solid DT fuel at high speed from the torus inboard side, while edge density control is handled by applying residual gas bleeding. Consequently, development of a suitable scenario and the appropriate control strategy for achieving long-sustained operation is one of the key research and development aspects still to be solved for a fusion reactor. The scenario has to provide a core density on a reactor grade level above the Greenwald density without weakening the edge transport barrier to retain high confinement.
The experiments presented in this work aimed at progressing on two fronts: first, development of control techniques to handle pellet injection as a core density actuator such that high-core-density operation can be established and, second, identification and investigation of plasma scenarios that are suitable for high-density operation with good confinement. ASDEX Upgrade (AUG), with its reactor-relevant all-metal wall, versatile diagnostic set, flexible pellet system for high speed, inboard launching, and its powerful control system is especially suitable for these kinds of investigations.
Setup: AUG, pellet launcher and discharge control system (DCS)
AUG is a mid-size divertor tokamak (major radius R maj . = 1.65 m, minor radius a 0 = 0.5 m) with a reactor-relevant all-metal-wall configuration. The plasma facing components are mainly tungsten (W) [4] though, for testing, a part of the heat shield is clad with magnetic steel tiles [5] . The versatile auxiliary heating system is comprised of 20 MW neutral-beam injection (NI), up to 6 MW ion cyclotron resonance heating (ICRH), and 5 MW electron cyclotron resonance heating (ECRH). The investigations reported here were done in operations with the bulk tungsten divertor III configuration [6] .
The centrifuge launcher combined with a 'looping' guiding system is capable of injecting cubic pellets from the torus inboard (designated path inside the plasma shown in figure 1) with an initial particle content m P of either 1.4, 2.8 or 4.3 × 10 20 D atoms in the speed range v P of 240 to 1050 m s −1 at repetition rates of up to 83 Hz [7] . The D ice needed is prepared prior to the plasma discharge and stored in a cryostat, containing a reservoir sufficient to produce and deliver about 100 pellets for the experiment. As pellets can only be launched at the rotating accelerator arm reaching the exit position, pellet repetition rates f P have to be integer fractions of the centrifuge revolution rate f C , f P = f C /n with n integer. In addition, for the centrifuge layout, the relation v P (m s −1 ) = 4 × f C (Hz) holds. Thus, for any chosen pellet speed only a discrete spectrum of f P values is possible. Thus, for any pellet speed chosen only a discrete spectrum of f P values is possible and the resultant, delivered particle fluxes, Γ P = m P × f P , also take on discrete values. The real-time discharge control system (DCS) is capable of establishing reproducible and stable operation over a wide range of scenarios by means of integrated control algorithms and actuator management. In support of the invest igations reported here new features were added to the DCS for the control of the density during pellet injection. These features take into account the discontinuous available particle flux values, the long response time due to pellet time-of-flight and the pellet-imposed strong local plasma perturbations resulting in distortion or even loss of many measurements employed for standard operational control [8] . Now, in feedback mode, the DCS decides when to launch a pellet for core density control. Adequate substitution by a pellet resilient measurement often requires significant additional effort. For example, a 'validated density' representing the lineaveraged density n e = n e dl/l, where n e is the local electron density and l is the chord length within plasma column, was derived from all available interferometer data and a suitable bremsstrahlung measurement. This signal was applied in most investigations on controlling pellet actuation reported here. Recently, a more sophisticated model-based density profile observer was implemented, on the basis of a Kalman filter [9] . By integrating a profile evo lution model with multiple diagnostics and associated fault handling, it delivers a reliable real-time estimate of the density profile evolution. This enabled our system to control also the relevant central density n The most relevant diagnostics are also shown: the lines of sight (LOS) of the DCN laser (continuous wave emission from deuterated HCN at 195 µm) interferometer, for the bremsstrahlung and the spectro meter observing the high-field-side high-density (HFSHD) front; particular locations (labelled 'core' and 'edge' in several figures) where measurements are made by the Thomson scattering (TS) system and the charge eXchange recombination spectroscopy (CXRS) and the manometer measuring divertor neutral density (small box below the divertor labelled 'M').
Feedback-controlled pellet fuelling

Integration of the pellet fuelling actuator
In order to include the pellet actuator in the DCS tool kit, a new control algorithm module was embedded into the DCS software to allow communication with the pellet launcher's internal control system. This model determines the most suitable pellet repetition rate available for the actual launcher settings. The internal launcher controller can handle up to 5 preselected frequencies, chosen from the discrete spectrum of possible pellet frequencies. In most of the cases reported here, the system was operated at f C = 140 Hz to launch pellets at a speed of 560 m s To manage actuation on the plasma density, the standard control parameters are the measurements of the DCN interferometer offering channels from different LOS. For standard (non-pellet) operation the DCN interferometer LOS are used as control density measurements to regulate the applied gas puffs. With pellets, however, the DCN LOS suffer serious fringe losses and lead to incorrect densities Since thus pellet induced sudden enhancements are missed while the post pellet density decay is covered a train of fuelling-size pellets often causes a DCN density measurement showing a gradual decrease finally even resulting in the display of negative densities. Therefore, a pellet-resilient surrogate parameter was thus made of the 'validated density'. This density represents the line-averaged density n e . It is calculated in real time from all interferometer data available. In case a fringe jump is detected, as is very likely with pellet injection, the signal is corrected, if possible, and otherwise de-validated. In the event that all interferometer channels are lost, the algorithm switches to the bremsstrahlung measurement (square root of raw signal), which is in situ calibrated to the last validated values from the interferometers.
When aiming to produce high density, high plasma performance, simply adding the pellet actuator is not sufficient since the strong additional particle flux easily pushes the edge density beyond a suitable level and causes degradation of the confinement. Hence, a compensating reduction of the initial gas puff rate is needed. Gas puffing takes place at several inlet positions in the vacuum vessel via fast gas valves specially designed to operate at fusion devices. The valves are capable of operating within strong magnetic fields; for details see [10] . Operation in an all-metal-wall environment usually requires high gas puffing rates in order to prevent impurity accumulation. Thus, for most scenarios considered there is sufficient headroom for reducing the applied gas flux to accommodate the pellet induced particle flux. However, in scenarios that rely on very low pumping rates, it is not possible to maintain this balance even with full termination of the gas puffing. For edge density control, standard operation employs the edge channels of the DCN interferometer. Since these channels are the most prone to pellet perturbations, their use under pellet actuation is impossible. The neutral gas pressure in the private flux region, n Div 0 , was found to be more resilient to pellets. The location of the corresponding pressure gauge is indicated in figure 1 . This special hot-cathode ionization gauge [11] was developed for operation in strong magnetic fields with changing direction. Its time resolution is up to 1 ms. For the work presented here, this signal was used as a control parameter and was found to be very effective at keeping the edge density stable, apart from small, short excursions in the post pellet phase. Combining the two feedback loops thus resulted in the ability to control the density profile by increasing the core density, while keeping the edge density low, effectively creating peaked density profiles as desired.
An example of successful application of this procedure is shown in figure 2 . The plasma scenario chosen is suitable for performance enhancement by nitrogen (N) seeding, though the example shown here is without N seeding. The seeded counterpart is discussed in section 4. For the steady main phase this plasma was run with a plasma current I P = 1.0 MA, a toroidal magnetic field B t = 2. and n e = 1.4 × 10 20 m −3 , respectively, the latter representing a Greenwald fraction f Gw = n e /n Gw of about 1.1. Constant auxiliary heating power was applied by combining 7.5 MW from 3 radial NBI sources (2 at 60 kV, 1 at 90 kV) with 4 MW ICRH at 36.5 MHz for core deposition in order to prevent core accumulation of impurities (box a). As indicated by the marker on the MHD stored energy signal ( figure 2(b) ), in a typical reference phase the plasma-confined energy is about 0.8 times the value predicted by the scaling H98(y,2) [12] . This absolute confinement can be retained during the pellet-driven highdensity phase. Since H98(y,2) scales as n e 0.41 , it is clear that the H98(y,2) values are lower during the pellet phase. One should note that the scaling is incorrect for f Gw > 0.8, making H98(y,2) a poor indicator for the plasma confinement. Once the feedback phase is initiated at 3.0 s, the n e value required is encountered and kept ( figure 2(c) ), while the pellet rate required and hence the pellet particle flux are adapted (figure 2(e)). Simultaneously, the gas flux is reduced (figure 2(e)) in order to keep n Div 0 as close to the set value as possible (figure 2( f )). As the pellet reservoir is emptied at about 4.65 s, already before the designated termination of the control phase at 5.0 s, the initial reference conditions are restored by increasing the gas puff to pre-pellet values. The actual evolution of the central and edge densities is confirmed by the data from the TS system. These measurements become available only after the experiment and are, therefore, not applicable for control purposes. In figure 2(d), red dots show densities from the channel situated next to the plasma centre, blue dots represent a position close to the pedestal top, marking the inner boundary of the edge transport barrier. These positions were indicated in figure 1. The central density is elevated during the high-density plateau phase to about 1.6 × 10 20 m −3 ( f Gw = 1.25) while the pedestal top density stays essentially unaffected. The conventional n e determination that relies on the DCN interferometer is severely perturbed by the pellets becoming finally negative and needed to be replaced. Shown also in figure 2(g) is the evolution of the HFSHD front, a poloidally localised region of high density located in the high-field-side (HFS) scrape-off layer (SOL) and extending from the x-point towards the midplane. This parameter links the effect of fuelling and seeding on the SOL [13] and mid-plane profiles; its impact on the performance is discussed in section 4. The HFSHD is determined by a spectroscopic measurement along the line-of-sight shown in figure 1 [14] . During the pellet phase, the HFSHD shows a modest but distinct increase.
Pellet actuation was also employed in target heat flux control investigations employing N divertor seeding to control the divertor temperature in feedback mode. The results of these experiments are discussed in [15] and some of our findings presented in section 4 refer to these experiments.
Refined feedback control with model-based density profile observer
Applying the validated density for feedback control makes it possible to establish the required core density n 0 e by adjusting the set-value of the line-averaged density appropriately. This approach has, however, two major shortcomings: the adjustment needs to be done iteratively for every scenario and density level and the applied algorithm is still vulnerable to perturbations. Hence, major improvement of operation can be achieved by applying a robust model-based algorithm.
The real-time density profile estimation algorithm chosen employs an interpretative model for the density in a dynamic state estimator, integrating the predicted density evolution by taking into account all real-time available measurements [9, 16] . The observer estimates the density iteratively by solving one-sample ahead model-based predictions from the previous estimate and updating the predictions by using the measurement residuals. The scheme of the novel control tool 'density observer' is shown in figure 3 .
The density observer offers different control parameter options, e.g. central density, line-averaged or volume-averaged density, and density averaged over a pre-defined region of interest. For the first tests of this tool and the application of it in the pellet experiments n 0 e control was selected. This choice also turned out to be the most reliable one. Successful first-time operation is shown in figure 4 , this proving as well the improved robustness gained by including the full real-time available information. A target value of n was set for the plasma configuration used, corresponding to f Gw = 1.25. For this test, a simple robust H-mode scenario developing short-duration relaxation events known as edgelocalized modes (ELMs) [17] was employed, with I P = 0.8 MA, B t = 2.5 T, q 95 = 5.3, 7.5 MW of NBI and 4 MW of ICRH auxiliary power. The applied heating power could not be kept as stable as requested, nevertheless the core density set is approached with a gradual (figure 4(b)) reducing settling amplitude by choosing and applying the most appropriate pellet rate respectively pellet particle flux available (figure 4(c)). As the pellet flux increases, the gas flux (figure 4(c)) is reduced while retaining a n ( figure 4(d) ). Notably, during the high-density phase the ELM behaviour (figure 4(a)) changes with less strong type-I ELMs occurring despite almost constant plasma-stored energy. Strong ELM events can also cause severe measurement perturbations. In the discharge shown in figure 4 , such a disturbance shortly before the pellet phase (2.8 s) confused the validated density algorithm, resulting in a sharp drop of the validated density (grey trace in figure 4(b) ). The density observer (black trace), however, is not disturbed by this event.
The algorithm seems to overestimate the transport slightly so that the predicted core density rises a bit too fast. The 'density observer' algorithm performed satisfactorily in this initial application, further development and fine-tuning of the algorithm are in progress, making use of the experience gathered during these experiments. The evolution of the estimated real-time density profiles and TS measurements available offline are shown in figure 5 . Although the profile shapes show some deviations, the central density is essentially well reproduced. Since the dynamic state observer was aware of the DCN interferometer signal degradation due to fringe jumps (see figure 4) , it used only the bremsstrahlung measurements in the pellet phase. The applied model, named RAPDENS, in the dynamic state observer [16] , can be fine-tuned to improve the profile estimates.
High-density operation
To demonstrate high-density, high-confinement operation at AUG two initial target scenarios providing sufficient confinement at moderate densities were selected. The candidate investigated first was the configuration shown and characterized in figure 2, a moderate shaping scenario but one being well proven to achieve high-confinement when applying N seeding. The advantage of this approach is to start from a well-developed scenario that is easy operate and offers the option of readily incorporating divertor temperature control by radiative power exhaust. The other option is the baseline H-mode scenario envisaged for ITER. Investigations of this scenario were done at AUG to provide a complementary set of data [18] . In this context, two routes have been investigated at AUG: the 'classical' q 95 = 3.0 version and an 'alternative' at q 95 = 3.6, which, although easier to operate, is more in terms of the required confinement, H98(y,2). The central wave heating required to avoid core tungsten impurity accumulation limits the possible values for plasma current and magnetic field in AUG for the ITER baseline scenarios to a few practical combinations of I p /B t with associated disadvantages such as low absorption efficiency. For example, the ECRH X2 cutoff that takes place at high-density in AUG, does not apply to ITER. Hence, our investigations have hitherto focussed on the N-seeding scenario, which represents the bulk of the results presented in the following. In addition, some first explorative attempts have been made to incorporate pellet fuelling into the ITER baseline scenario; these results are presented in section 4.2.
Combination of pellet fuelling and N seeding
Example of feedback-controlled high-density operation
with N seeding. As already discussed, the scenario suitable for confinement enhancement by N seeding needs a considerable gas puffing rate in order to avoid impurity accumulation. If run with sufficient fuelling gas, stable operation is achieved at reasonable confinement [19] . The discharge shown in figure 2 attained a typical value of about H98(y, 2) = 0.8 in the reference phase. As obvious from figure 2, this configuration, when run with pure deuterium plasmas, is capable of reaching the reactor target core density by pellet fuelling without any loss of energy confinement. However, it still falls about 20% short of the desired confinement. This gap can be closed at moderate densities by adding appropriate N seeding. A detailed discussion of the underlying physics can be found in [13] , but a short description is given here for clarity. Confinement is degraded in the gas-puffed cases owing to creation of the HFSHD and associated high recycling near the HFS divertor entrance. The HFSHD then increases the separatrix density and shifts the density profile outwards, resulting in an outward shift of the pressure profile which reduces pedestal stability. The confinement recovery is due to enhanced pedestal stability via an inward-shifted density profile with respect to the temper ature profile obtained by mitigating of the HFSHD front. Consequently, an approach combining pellet fuelling with N seeding was made. A typical attempt is shown in figure 6 . As in the seeding reference discharges, the initial N flux chosen was about Γ N = 10 22 electrons s −1 , which was then ramped down to account for the N remaining in the vessel, in order to achieve a steady N level (figure 6(e)). As the N content in the plasma is observed to decrease during pellet injection, the N puffing rate during the pellet phase was increased to counteract this effect. The best results were achieved with a 50% increase in N flux as shown in figure 6(e) .
The discharge is stable in the presence of N during the highdensity phase. During this phase, the density profile peaks, as can be deduced from the evolution of the edge and core densities ( figure 6(d) ). However, despite the fact that the edge density being kept almost stable by reducing the gas puff, the plasma energy ( figure 6(b) ) gradually decreases while the set density is approached smoothly ( figure 6(c) ). Once again, the edge density is retained by keeping n Div 0 at the set value of 3.5 × 10 20 m −3 ( figure 6( f ) ). When comparing the plasma energy in an appropriate high-density phase and a reference phase, it can be seen that the stored energy (W MHD ) is reduced by about 20%. This can be seen, for example, in figure 6(b) , where the stored energy in the high-density phase (4.5 s) is reduced compared to the subsequent reference phase starting at 4.6 s. These two phases make a clean comparison point as they share the same plasma configuration and have identical auxiliary heating power. During the high-density phase with f Gw ≈ 1.25 the N enhancement seems to be negated. This loss correlates with the reappearance of the HFSHD density front ( figure 6(h) ). After the pellet phase, the initial seeding behaviour quickly recovers to a high-confinement phase, with H98(y,2) even slightly above 1 before gradual impurity accumulation in the core sets in, resulting in increasing radiative losses and decreasing confinement. Again, we refer to the H98(y,2) scaling only in the reference phase with f Gw < 0.8. The N seeding was again increased by 50% with respect to the reference value with the onset of pellet actuation ( figure 6(e) ), resulting in a rather constant N concentration in the plasma ( figure 6(g) ) until the end of the pellet phase. Once the pellet flux is terminated, gradual N accumulation in the plasma core sets in, causing also increased radiative power loss ( figure  6(a) ). The example presented showed the typical behaviour for all attempts to combine N seeding and pellet actuation with respect to evolution of the HFSHD front, energy confinement and N sustainment.
Comparison of N seeding and non-seeded discharges.
A data base was created to shed more light on the differences in performance between N-seeded and non-seeded discharges and elaborate the general behaviour of the confinement In the reference discharges without pellets, the increase in the stored energy typically associated with N-seeding can be seen clearly, compare the grey and blue highlighted regions. The data also display the potential of pellet fuelling to extend the accessible range towards high core densities. As indicated by the pink highlighted region, in the case of unseeded plasmas even without reduction of plasma-stored energy. As highlighted by the green region, combination of pellet actuation and N seeding can modestly merge both benefits. However, it is also clear that this is not the simple superposition of the two actuator's potential. A clear improvement with respect to the combination of central density and plasma stored MHD energy can be identified in the range 0.8-1.2 × n Gw , here the mutual benefit significantly enhances that of the individual actuators. For core densities above 1.3 × n Gw , the performance of pellet-fuelled seeding plasmas has dropped to that of their non-seeded counterparts. With pellet injection, N seeding clearly results in a radiative power fraction that increases with density, finally approaching a value of 0.8-0.9 ( figure 7(b) ). In contrast, no significant increase takes place in the non-seeding case. This reflects the fact that in the absence of N this scenario proved quite resilient with respect to core impurity accumulation, even for very peaked density profiles. Seeded cases, on the other hand, were very prone to radiative collapse. No significant impact of the N seeding and the enhanced radiative losses on the density profile peaking is found ( figure 7(c) ). Why the N effect on the plasma disappears under pellet actuation becomes clear from the uppermost box of figure 7 . With the onset of the core density increase, the HFSHD front reappears (figure 7(d)), this being assumed to cause the loss of all positive effects on the density profile and edge stability. At core densities close to and slightly above n Gw , N-seeded discharges show a HFSHD front almost as dense as the nonseeded reference discharges. It appears that the pellet-driven density increase causes a return of the HFSHD front despite the fact that the edge density is kept constant. Although the HFSHD density seems to roll over towards the highest densities, the deterioration cannot be reversed. We attribute this lack of confinement re-attainment to the high loss fraction caused by the strong radiation. The strong correlation between the density of the HFSHD front and the plasma energy confinement is clearly seen in figure 8 , where all the data points with a radiative power loss of less than 0.74 × P tot are plotted. It clearly reveals a reduction of confinement with increasing HFSHD, in particular for the cases with pellet actuation. The deleterious effect of the HFSHD on edge and global confinement seems to satur ate at a level of about 4-5 × 10 20 m −3
. Thus, the absence of pellet-driven reduction of confinement in non-seeded plasmas, where pellets also increase the HFSHD front, is due to the fact that this density rise starts from a level where its impact is already at a maximum.
Pellet-enhanced N enrichment in the divertor.
An important issue in scenarios with low-Z divertor seeding is dilution of the main plasma by the seeded species. In burning reactor scenarios, the acceptable degree of dilution will be limited. Hence, the presence of the seeding species is beneficial in the divertor but potentially harmful to the main plasma. Applying high-density operation in combination with power exhaust studies using radiative cooling for divertor detachment control proved pellet actuation can result in good N divertor compression exhibiting very favourable power exhaust conditions. Investigations using the same plasma configuration but also applying feedback control of the seeding gas flux (both N and neon) in order to establish divertor temperature control have already been reported in [15] . In the following, the same advantage of pellet-enhanced N divertor enrichment reported in [15] will be shown as example also for the discharge displayed in figure 6 . The divertor enrichment E is the exper imental parameter relating the divertor concentration of an impurity to the concentration in the core. According to [15] it can be calculated as
with Z the seeding element charge (N:7, Ne:10), Γ Z the seeding gas valve flux in electrons s −1 and Γ D the total D particle flux (from D gas valves and pellets). n Z is the outer core impurity density, typically derived at ρ pol. = 0.8 to avoid central peaking effects and minimize uncertainties in CXRS measurements; n e is the electron density at the same location. In figure 9 the data from the heat flux control experiments [15] are shown, plotted versus the corresponding ELM frequency f ELM . While no enrichment is found for Ne, N seeding shows significant enhancement. This enhancement is even stronger during the pellet phase. Filled diamonds represent data from the pellet phase in the discharge shown in figure 6 . It is evident that all data consistently show the same typical behaviour. During pellet phases, the N compression in the divertor is high; however, the N returns to the plasma when pellet injection comes to an end. This increase of N in the plasma, which is correlated with a reduction of the ELM frequency, makes the situation prone to impurity accumulation. Thus, in the seeded configuration sudden termination of the pellet sequence turned out to be unfavourable, often resulting in radiative core collapse.
Pellet impact on pedestal structure and stability.
The deleterious impact that the HFSHD front has on the energy confinement is attributed to modification of the edge density profile and resulting change of the edge stability. Evidence for this has already been found in AUG, details being reported in [13] . Increased fuelling increases the HFSHD front and the separatrix density and shifts the density profile outwards with respect to the temperature profile. Stability analysis showed that he resulting modification of the pressure profile decrease the attainable pedestal top pressure, and hence the total pressure, by an amount comparable to experimental findings. N seeding mitigates the HFSHD front and reverses the density profile shift, thus increasing the stability of the pres sure profile against peeling-ballooning instabilities and granti ng access to higher pressure gradients and pedestal widths. Results presented here suggest that pellet injection is adequate to establish reactor-grade core densities, but in the presence of N-seeding it also re-establishes the HFSHD reversing the beneficial impact of the N seeding, and returning the plasma to the lower energy confinement state observed in high main ion gas puff scenarios. In order to confirm this assumption, four cases have been analysed, representing all possible combinations of N seeding and pellet actuation:
'Reference'-no-pellet phase in non-seeded plasma (#33600, t = 5.8 s)
'Seeding'-no-pellet phase in N-seeded plasma (#33602, t = 4.8 s)
'Pellets'-high-density phase in non-seeded plasma (#33600, t = 4.4 s)
'Pellets + seeding'-high-density phase in N-seeded plasma (#33602, t = 4.485 s)
Profiles of the electron temperature and density were made by using data from the TS diagnostic for all four time windows. All data were selected from a 2 ms window before the onset of an ELM crash, thus representing the critical pedestal profiles. Ion temperature profiles were also fit by using data from the core and edge CXRS diagnostics, and, together with the electron profiles and impurity concentrations, combined into a total pressure profile for stability analysis. To highlight Figure 9 . Divertor enrichment of N and neon as a function of ELM frequency for divertor radiative cooling experiments (data taken from [15] and the discharge shown in figure 6 ). Significant enrichment is achieved for N, this being further improved by pellet injection.
the impact of pellet fuelling and impurity seeding on the pedestal profiles, the electron temperature (a) and density (b) and total pressure (c) profiles are shown in figure 10 . The electron temperature profiles were aligned to 100 eV at the separatrix, and, owing to the use of TS, the density profiles are intrinsically aligned.
Solid lines indicate the profile fits, while data points are shown for the nitrogen seeded discharges. It is evident that the highest temperatures are in non-pellet phases, as expected, and that the nitrogen-seeded phase (green) has the highest temperature. The lowest temperature, but highest pedestal density, is in the pellet phase (black), with the reference phase (red) and pellet + nitrogen phase (blue) showing intermediate values of both temperature and density. It is also clear that the maximum gradient of the density profile in the nitrogenseeded case is further inside than in the other three cases, and also that it has the lowest separatrix density. The closest separatrix density is the nitrogen + pellet phase, but here the density gradient is very steep and also very close to the separatrix. Although the difference in locations of the maximum density gradient is small (Δρ poloidal ~ 0.01, or ΔR maj ~ 5 mm), it is the same as the shift previously reported to be the source of confinement degradation with fuelling at AUG [13] . The resulting total pressure profiles indicate the invariance of the pedestal pressure in the reference and both pellet fuelled time windows (although the core pressure is higher in the pellet + nitrogen case due to the steep core density profile), only the contrib ution Pedestal top pressure as a function of separatrix density. Shown in grey are data points from [13] as an overview of the scenario at different heating powers and gas puff rates. The colours correspond to the different time points discussed in this section. Three nitrogen seeding points are shown, indicating the evolution of the separatrix density and pedestal top after pellet fuelling has ceased.
of temperature and density changes. In the nitrogen seeded case (green), the pressure pedestal is significantly higher and broader, resulting in a higher total stored energy.
The total pressure profiles were used as input to the CLISTE code [20] , where the edge current density was reconstructed self-consistently with the pressure profile and edge magnetic measurements. The resulting pressure and current density profiles were then used as input to the HELENA equilibrium code and a new equilibrium was solved on a highdensity field-aligned grid. On the basis of this equilibrium, scans in the pressure gradient (by changing the pedestal height at constant width) and current density were made in grid fashion, and each of these equilibria was then used as input to the MISHKA linear ideal-MHD stability code to determine the stability boundary in j-α space. The results of this scan are shown in figure 11 for each of the four time windows. Two representations of the stability diagram are shown: (a) the classical j-α diagram, showing the current density and critical pressure gradient; (b) a j-p ped diagram, showing the critical pedestal pressure, which is more relevant to discussions of the pedestal performance. In each diagram, the solid lines represent the stability boundaries and the points represent the experimental points, with error bars representing a reasonable 15% uncertainty in the measurements.
With the reference plasma (without seeding or pellets) as the starting point (red curves and points) and adding pellets, the critical pressure gradient in the pedestal decreases, as does the current density. This is consistent with the movement of the stability boundary towards lower pressure gradients. However, the predicted pedestal top remains the same, since the gradient extends over a wider region in the pellet-fuelled case than in the reference case. Moving to the pellet + nitrogen case (blue), one observes the same effect. A lower pressure gradient and current density are measured, but the measured and calculated pedestal top values are the same as in the reference phase. In both the pellet-fuelled phases, the increased gradient radially inside the pedestal top is created by the pellet fuelling. The result is a pedestal which is broader at a lower gradient, resulting in the same pedestal height.
The main difference in stability is seen for the nitrogenseeded case. The inward-shifted density profile and higher Z eff combine to create a significantly higher pedestal top pressure, as well as a higher pressure gradient and current density. The changes in pedestal pressure with reducing separatrix density are in line with those previously reported in [13] , as shown in figure 12 . Shown in grey is the data set from [13] , which consists of a power, gas, and nitrogen-seeded scan, while the other symbols show the time points analysed in this paper. Figure 13 . Substitution of pellet fuelling for gas puffing with only about 1/3 applied particle flux in a high shaping close to double-null configuration with high, constant energy confinement. Pellet actuation results in a small enhancement of density, while the ELM frequency is significantly enhanced and the plasma energy preserved. Three data points are given for the nitrogen-seeded phase of #33602, all within 500 ms of the end of the pellet phase, to show the recovery of the pedestal top pressure with reducing separatrix density. The seeded profiles shown in the previous two figures correspond to the one here at highest separatrix density, which does appear to have a higher pedestal top pressure for its separatrix density. This is probably because the measured density and electron and ion temperature gradients are lower than for the following time point, meaning that the pedestal in this case is relatively broad at a low gradient (compared with other pedestals of a similar height). A lower pedestal pressure gradient has been shown to lead to a higher pedestal top pressure if all other parameters affecting stability (e.g. density profile location and total beta) are the same [21, 22] . The other two seeding points are quite typical of the database. From the original data set and the extended values of n e,sep it is clear that above a separatrix density of ~3 × 10 19 m −3
(~45% of the pedestal top density), no further degradation of the pedestal pressure takes place.
Scenarios with strong shaping
Two alternative scenarios were considered in order to broaden the investigations towards achieving full confinement operation at f Gw =1.3 or even above, as proposed, for example, for EU DEMO1 2015 [23] . The selected scenario employs strong plasma shaping, shows resilience in retaining high performance when operated in an all-metal-wall environment, and is the subject of on-going investigations. The ITER baseline scenario, due to its reactor relevance, was selected as the target for these investigations. This scenario employs strong plasma shaping, the q 95 = 3.0 version shows efficient fuelling response when injecting small pellets for the purpose of ELM control [18] . However, the 'alternative' version at q 95 = 3.6 seems to be the better candidate target since for this scenario operation at a higher Greenwald fraction is expected to be more favourable [18] . This scenario at a moderately higher q 95 = 4.5 operated close to double-null at high triangularity (δ u = 0.326, δ l = 0.466) yielding access to the type-II ELM regime responds very positively to pellet fuelling. The attempt is shown in figure 13 . Constant auxiliary heating with considerable core ICRH prevents impurity accumulation ( figure  13(a) ). Replacing the entire gas puffing with pellets ( figure  13( f ) ) carrying only about 35% of the reference gas particle flux resulted in a slight enhancement of the core density ( figure 13(h) ) and line-averaged density ( figure 13(c) ) to about 0.9 × n Gw , while retaining almost full energy confinement ( figure 13(b) , once again the H98(y,2) prediction is shown for the f Gw ≈ 0.8 reference phase). This is accompanied by a strong drop of the divertor neutral gas pressure ( figure 13(g) ) and a drastic increase of the ELM frequency ( figure 13(e) ). While only small type-II ELMs were present in the gas phase, type-I ELMs returned during pellet fuelling in these plasmas ( figure 13(d) ) [24] . The observed serviceable response of this scenario to pellet fuelling, showing even an increase of density when the gas fuelling is substituted by pellet fuelling of significantly lower magnitude, mark it as a candidate suitable for further investigations. Within error bars, the pedestal pressure, as shown in figure 14 , was kept essentially constant. Likewise the temperature and density gradients remained unchanged during pellet injection. During the pellet phase and in the absence of gas puffing, the density in the scrape-off-layer is significantly reduced. For both versions of the ITER baseline scenario, further investigations are currently under way.
Conclusive summary and outlook
The all-metal-wall tokamak AUG is well suited to investigate scenarios operating with feedback-controlled at reactor-relevant high central density and high-confinement. The AUG configuration with an almost full W wall differs from the intended ITER approach, where most of the vacuum chamber will be clad with beryllium (Be). This may affect extrapolation of our findings to ITER through different fuel retention and neutral reflection characteristics. However, the retention for W and Be walls is not expected to be too different, and certainly more similar in comparison with carbon walls. W exhibits higher neutral reflection energies compared with Be, but this effect should be weak owing to the high SOL neutral opacity in ITER.
As will be the case in a reactor, core particle fuelling was achieved by pellet injection. The main results achieved are compiled as an itemized list in table 1. In our experiments, pellets turned out to be a powerful tool; however, it is a challenging task to keep control of the density profile since pellets cause perturbations in many essential measurements. Hence, standard operational schemes proved to be inadequate, necessitating development of an approach employing only pelletresilient substitute parameters. Successful density profile Table 1 . List of essential achievements obtained by applying pellet actuation.
• Pellet fuelling yields access to operational regime with high core densities above the Greenwald density.
• Cases found were the pellet tool created peaked density profiles by increasing the central density while preserving the edge density and avoiding the resulting confinement degradation →Extension of the operational area to high-density regime • This was achieved by feedback profile control through pellet-resilient parameters and actuation on pellet and gas fuelling • A novel algorithm was developed for reactor-like feedback control of the central density • Up to a certain degree, advantages of plasma enhancement gas (N improving plasma confinement) and pellets (high core density) can be combined • Seeding gas enrichment in the divertor was strongly enhanced by the pellets.
• Initial tests replacing gas by pellet fuelling in highly-shaped ITER baseline scenario show favourable behaviour shaping was demonstrated by adapting the control system, which yielded peaked profiles with a central density enhanced beyond n Gw while preserving the edge density in order to avoid confinement degradation. This kind of profile control was used for the experiments reported here with peaking controlled through the line-averaged density. Recently, a new model-based control tool was put into action, allowing also control of the more relevant central density.
Operating an all-metal-wall tokamak requires specific conditions to prevent impurity accumulation in the core. In comparison with C wall operation, usually a higher gas throughput is needed. This, in turn, can result in a reduction of confinement. One of the major causal factors is the HFSHD front, which results in an outward shift of the density profile with respect to the temperature profile at the edge. Altered edge pressure profiles have been analysed, showing a reduced peelingballooning stability and a lower maximum achievable pedestal top pressure. This drawback can be overcome by the presence of N. If sufficient seeding is applied, the unfavourable density profile shift can be reversed, leading to a stable and higher pedestal and sufficient confinement to re-establish a performance approaching H98(y,2) = 1 or even beyond. On the one hand, N seeding is capable of enhancing the confinement. On the other hand, pellet actuation has been proven to yield an appreciable extension of the accessible range of core densities even far beyond the Greenwald boundary faced for gas fuelling. In nonseeding plasmas, this was achieved without further diminishing the confinement. Consequently, an attempt was made to combine the benefits of N seeding and pellet core fuelling. It was found that mutual N and pellet actuation can widen the accessible operational space even further; in particular, for central densities of about n Gw convenient operational conditions were found. However, both benefits cannot be fully achieved simultaneously and for reactor-grade core densities with f Gw > 1.3 the N-induced gain reduces. An advantage found for joint actuation of N seeding and pellet fuelling was the high grade of N enrichment in the divertor, a feature very favourable for the purpose of radiative divertor buffering.
Investigations are now aiming at broadening the ensemble of potential scenarios; first attempts with the highly-shaped ITER baseline configuration are encouraging. Pellet actuation at an as yet moderate level showed a favourable response with respect to fuelling efficiency with no deleterious impact on the edge profiles. Efforts to develop further both considered versions of the ITER baseline configuration at AUG are in progress, including the task of establishing a scenario capable of operating in the high-density regime by employing pellet fuelling.
